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E l l swor th  L. Sharpe 

ABSTRACT 

A pa i  r o f  cor rugat ion  s t  i f fened , beaded s k i  n Rene 41 heat shi  e l  d panel s 

were exposed t o  20,000 thermal cycles between room temperature and 1450°F t o  

evaluate the thermal f a t i g u e  response o f  Rene 41 m e t a l l i c  heat sh ie lds  f o r  

hypersonic c r u i s e  a i r c r a f t  appl icat ions.  A t  the  conclusion o f  t h e  t e s t s ,  t h e  

panels re ta ined subs tan t ia l  s t r u c t u r a l  i n t e g r i t y ;  however, there were cracks 

and excessive wear i n  the v i c i n i t y  o f  fastener  holes and there  was an 80-per- 

cent loss  i n  d u c t i l i t y  o f  the  skin. Shrinkage o f  the  panel which caused t h e  

cracks and wear must be considered i n  design o f  panels f o r  TPS app l i ca t ions .  

INTRODUCTION 

Design o f  s t ruc tu res  t o  operate e f f i c i e n t l y  f o r  long per iods i n  the  severe 

thermal envi ronment encountered by hypersonic c r u i s e  a i  r c r a f t  requi  res  care fu l  

s e l e c t i o n  o f  mater ia ls  and s t r u c t u r a l  concepts. Among the concepts t h a t  have 

undergone evaluat ion a t  Langley Research Center are a c t i v e l y  cooled panel s 



which u t i l i zes  hydrogen fuel as the heat sink to  cool the metal structures 

( re f .  1). Actively cooled panels may be bare panels t h a t  rely total ly  on 

active cooling (ref . 1) or may use passive overcoats ( ref .  2 ) ,  or radiative 

heat shields (refs. 3,  4) to  reject some of the heat. 

actively cooled panels has a region of heat f l u x  where i t  represents the 

optimum concept structural /thermal management ( ref .  2 ) .  

Each of these forms o f  

Studies of t h e  significance of heat sink matching and the mass penalties 

associated with high-level cooling (refs .  5-7) point t o  the advantage of ut i -  

l izing passive thermal protection systems and actively cooled panels f o r  hyper- 

sonic a i rcraf t .  Reference 3 summari zes results from design and f a b r i  cation of 

a lightweight Rene 41 radiative and actively cooled panel which consists of 

corrugation-stiffened, beaded-skin Rene 41 heat shields backed by a thin layer 

of high-temperature insulation contained within stainless steel foil  packages 

to  seal against water ingress, and by an adhesively bonded aluminum- 

honeycomb-sandwich structural panel w i t h  coolant tubes next t o  the outer s k i n .  

The panel successfully completed thermal/structural t es t s  t o  verify i t s  per- 

formance ( re fs .  8-9). 

heat shield has been verified, the response to  thermal fatigue has not been 

defined. The present paper presents results from thermal fatigue t e s t s  of the 

corrugation-stiffened beaded-skin, Rene 41 heat shield. The heat shield was 

exposed t o  20,000 thermal cycles i n  a fixture with quartz lamps. The purpose 

of the thermal fatigue tes t s  was to study the spot  welds of the beaded skin t o  

the corrugation and the cutouts in the beaded skins and corrugation a t  the lap 

spl i ce j oi n t  . 

While the thermal/structural performance of the Rene 41 
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Cer ta in  commercial m a t e r i a l s  are i d e n t i f i e d  i n  t h i s  paper t o  spec i fy  

adequately which m a t e r i a l s  were invest igated i n  t h e  research e f f o r t .  I n  no 

case does such i d e n t i f i c a t i o n  imply recommendation or  endorsement o f  the 

product by the  NASA, nor does it imply t h a t  the  m a t e r i a l s  are necessar i ly  t h e  

o n l y  ones or the  bes t  ones ava i lab le  f o r  the purpose. 

m a t e r i a l s  are a v a i l a b l e  and would probably produce equiva lent  r e s u l t s .  

I n  many cases equiva lent  

THE THERMAL FATIGUE MODEL 

Tne tnerrnal f a t i g u e  model shown i n  f i g u r e  1 was a 10.8 inch wide by 29.9 

i n c h  long panel c o n s i s t i n g  o f  two cor rugat ion-s t i f fened beaded-skin Rene 41 

heat sh ie lds  s t r u c t u r a l l y  supported by a h a l f - i n c h  t h i c k  aluminum p l a t e  ( r e f  . 
3).  Between the  Rene 41 heat sh ie ld  and the  aluminum p l a t e  was an 0.125-inch 

t h i c k  l a y e r  o f  f l e x i b l e  Min-k, Type HTS, s t i t c h e d  i n  an Astro-quartz c l o t h  

conta iner .  The two heat -sh ie ld  panels, j o i n t e d  a t  the center w i t h  a s l i p  

j o i n t ,  were r i g i d l y  attached t o  the  s t r u c t u r a l  p l a t e  a t  the opposi te ends. The 

edges o f  the heat sh ie lds  were attached t o  the  s t r u c t u r a l  p l a t e  by b o l t s  

through s l o t t e d  holes which permit ted l o n g i t u d i n a l  movement o f  the panel. The 

heat sh ie lds  are held a t  a predetermined d is tance above these s t r u c t u r a l  p l a t e s  

by r i g i d i t e d  i n s u l a t i o n  (Mairmet 45) spacers and b o l t s ,  thus main ta in ing  the  

requi  red  volume f o r  the  i n s u l a t i o n  blanket. 

The s ize  (0.090 in.) and spacing (1.0 centers, 2 rows, 0.41 apar t )  o f  t h e  

spot welds are i d e n t i c a l  t o  those that  would be used i n  a f u l l  scale panel and 

other geometrical d e t a i l s  i n c l u d i n g  d e t a i l s  o f  the l a p  s p l i c e  j o i n t  s imulate 
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the f u l l  scale design. However, the Rene 41 skin thickness was 0.010 i n .  

instead of 0.008 as would be used i n  the f u l l  scale design. 

Figure 2 shows the par t ia l ly  assembled thermal fatigue model with the 

cutouts i n  the beaded skin of one heat shield panel. The cutouts of 

neighboring panels mate t o  form the lap splice j o i n t .  The cutouts along the 

edges of the insulation allow the spacers t o  rest on the a luminum structural 

support. Stainless steel shoulder bolts and bushings ( f i g .  1) were used t o  

assemble the panel so t h a t  i t  i s  not constrained as i t  undergoes thermal 

expansion. 

The heat shield panels and the a luminum plate were instrumented w i t h  

cromel -alumel thermocouples t o  monitor and control temperatures during testing. 

LABORATORY APPARATUS 

Thermal fatigue t e s t s  o f  the model were conducted i n  an enclosure w i t h  

remote controls provided for a l l  the tes t  apparatus. The apparatus was elec- 

t r i ca l ly  isolated from the enclosure because of the h i g h  voltage supplied t o  

the heaters. S i x  banks of a i r  cooled radiant heaters were used t o  heat the 

model. 

reflector. The quartz lamps, 0.375 i n .  i n  diameter and 25 in. long (active 

length), were spaced 0.5 i n .  apart and were rated a t  2500 watts and 480 volts. 

Each bank contained eight quartz lamps mounted on a gold plated 

A water cooled 700 amp s i  1 icon control led reacti f ie r  ( S C R )  suppl ied power t o  

the heater. 

time proportional programmer were used t o  control the heater through the 

desired heating cycle. 

A temperature controller and an electronic variable temperature/ 

Two 12 poin t  temperature records and a d i g i t a l  
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temperature readout were used t o  record and moni tor  the temperature o f  the 

tode l  and the heater f i x t u r e .  

F igu re  3 shows the model placed on a support stand and surrounded by 

g l  ass-rock r i g i d  i n s u l a t i o n  b r i c k s  which prevented the support stand from 

overheat ing.  Three cromel-alumel thermocouples, which had leads covered wi th 

h igh  temperature i nsu la t i on ,  were welded t o  the  surface o f  the heat sh ie lds.  

These thermocouples were wired i n  p a r a l l e l ,  connected t o  the  temperature 

c o n t r o l l e r  and served as the  temperature c o n t r o l  thermocouples. They were 

w i red  i n  p a r a l l e l  t o  create a redundant s i t u a t i o n  i n  case one thermocouple 

became open o r  detached from the modei. Redundancy was necessary because t h e  

t e s t  was set  up t o  run cont inuously  u n t i l  manually stopped. 

TEST PROCEDURES 

The heat ing r a t e  (TI) shown i n  f i gu re  4 approximated the  heat ing  r a t e  

experienced dur ing  a hypersonic f l i g h t  ( r e f .  3) . 
cooldown ra tes  (TI i n  f i g .  4)  would have g r e a t l y  increased the  thermal cyc le  

time. Since na tura l  convect ion cooldown would not jeopard ize the  s t r u c t u r a l  

i n t e g r i t y  o f  the model, i t  was used t o  l i m i t  t he  cyc le  t ime t o  12.5 minutes as 

shown i n  f i g u r e  4. The sawtooth p l o t  was the curve used on the p ropor t i ona l  

programer and the  dashed curve (T2)  i s  the  actual  temperature on the  backside 

corrugat ion.  With the time/temperature p ropor t i ona l  programmer, it was 

poss ib le  t o  run the cycles automat ica l ly  once the system was checked-out. 

A f t e r  5000 cyc les the  model was removed from the t e s t  set-up, disassembled, and 

examined. The model was then reassembled, re turned t o  the  t e s t  stand, and the  

S imula t ing  the  f l i g h t  
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thermal cycles cont inued u n t i l  a t o t a l  o f  20,040 simulated f l i g h t s  were 

achi  eved . 
RESULTS AND DISCUSSION 

The thermal f a t i gue  model was removed from the  t e s t  stand a f t e r  5000 

thermal cyc les f o r  an i n t e r i m  disassembly and inspect ion.  It was then re tu rned 

t o  the  t e s t  stand and the balance o f  the exposure program was completed, 

reaching a t o t a l  o f  20,040 thermal exposure cycles.  

A f t e r  5000 Thermal Cycles 

I n i t i a l  examination of the model i nd i ca ted  t h a t  no apparent damage had 

occurred dur ing the  f i r s t  5000 thermal cyc les  which was the design l i f e  o f  the  

t a r g e t  hypersonic a i r c r a f t .  

o f  the  heat sh ie lds was damaged a t  the  edge b o l t  holes. An examination o f  the  

damage ind ica ted  t h a t  the problem may have been avoided i f  more care had been 

exerc ised i n  disassembling the  model . 
"stand-of f ' '  con f i gu ra t i on  ( f i g .  2) had apparent ly  seized dur ing  thermal 

exposure and i n  loosening them, the  edge o f  the heat s h i e l d  was damaged. 

F igures 5 and 6 show the broken corner on the lower r i g h t  o f  the l e f t  heat  

sh ie ld .  These photographs a l so  show cracked metal between the  b o l t  holes and 

the  lower edge on two other  places on the  l e f t  heat sh ie ld .  Figures 7 and 8 

show close-up views o f  the  broken corner and the  crack i n  one of the s l o t t e d  

holes on the  side o f  the panel, respec t ive ly .  

However, wh i l e  the model was being dismantled, one 

The b o l t s  along the  edge o f  the 

Exc lud ing the  reg ion of the panel damaged du r ing  disassembly, the  heat 

sh ie lds  successfu l ly  completed the  i n i t i a l  5000 thermal cyc les w i t h  no phys i ca l  
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or s t r u c t u r a l  damage. F igures 5, 6, and 9 show d e t a i l s  o f  both s ides o f  the 

heat sh ie lds  which i n d i c a t e  t h a t  the elongated fastener holes, the  cutouts  a t  

t h e  s l i p  j o i n t ,  and the  spot welds between the cor rugat ion  and dimpled sheets 

are i n t a c t .  

A f t e r  20,040 Thermal Cycles 

A t  the conclusion o f  20,040 thermal cycles,  the  thermal f a t i g u e  panel was 

removed from the t e s t  stand and disassembled f o r  evaluat ion.  Examination o f  

the  heat sh ie lds  d isc losed a number o f  cracks i n  the elongated fastener  holes. 

There was a lso some add i t i ona l  wear cons is t i ng  of enlarged holes and worn b o l t s  

a t  the elongated holes. 

The fasteners ho ld ing  the Rene 4 1  heat s h i e l d  t o  the aluminum p l a t e  were 

d i f f i c u l t  t o  remove and had t o  be forced out t o  separate the  heat s h i e l d  from 

the  aluminum support p la te .  Super f i c i a l  examination o f  the Rene 41 heat s h i e l d  

i n d i c a t e d  t h a t  the heat s h i e l d  ho le pa t te rn  was smal ler  than the  hole p a t t e r n  

i n  the aluminum p la te .  Add i t iona l  evidence of the mismatch o f  the  holes can be 

seen i n  f i g u r e  10. Fastener number 3 appears almost centered i n  the  s l o t  o f  

t he  Rene 41 wh i le  fasteners 1 and 6 are obv ious ly  not centered i n  t h e i r  s lo t s .  

The dimensions of both heat s h i e l d  panels were checked and found t o  have 

decreased i n  width by about 0.10 inch. I n  fac t ,  because o f  t h a t  shrinkage, the 

width of the hole pa t te rn  i n  the  heat sh ie lds  a t  the conclus ion o f  the  thermal 

f a t i g u e  t e s t  was less  than f o r  the aluminum s t r u c t u r a l  p la te .  

Examination o f  the  s l o t t e d  holes a f t e r  the panels were disassembled 

revealed add i t i ona l  in format ion.  Figures 11 and 12 show a comparison o f  

elongated holes i n  the panel. The ends o f  the s l o t  i n  f i g u r e  11 appear t o  be a 

uni form radius wh i l e  the ends o f  the s l o t  shown i n  f i g u r e  12 are f l a t tened .  
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Figure 12 shows a "non-design j o i n t "  s l o t t e d  hole along the s ide  o f  the panel. 

This ho le had a bushing that  was f ree  t o  r o l l  as the panel expanded and 

contracted, so the  wear appears t o  be uni form along the  l eng th  o f  the s l o t .  

con t ras t ,  f i gu re  13 shows the  s l o t t e d  hole from a corner (number 6 on f i g u r e  

10) o f  the heat s h i e l d  panel. Th is  ho le contained one o f  the design j o i n t ' s  

shoulder b o l t s ,  The "egging" out occurred a t  the  co ld  end o f  the  s l o t  where 

t h e  fastener  i s  loca ted  when the  thermal expansion of the panel i s  zero. 

Figures 14 and 15 show two o f  the s i x  shoulder b o l t s  used i n  t h e  

"des ign- jo in t . "  The l o c a t i o n  o f  the b o l t s  was not recorded as the disassembly 

took place. The shoulder i n  f i g u r e  14 shows some damage from where the  Rent2 41  

panel rubbed i t  dur ing  thermal expansion, but  the  shoulder i n  f i g u r e  15 i s  

almost non ex is ten t .  This suggests that  the  Rent2 41 was bear ing h e a v i l y  on the  

shoulder dur ing the  thermal cycle.  

I n  

P roper t i es  

Subsize t e n s i l e  specimens were machined from the  corrugated sk ins o f  the 

heat sh ie ld  panels conforming t o  the recommended p r a c t i c e  o f  ASTM E-8 ( r e f .  10)  

and t e n s i l e  tes ts  were conducted t o  determine the  res idua l  room temperature 

t e n s i l e  strength and e longat ion  o f  the Rent2 41. Specimens were a lso  machined 

from as-received Rene 41 for  comparison. F igure  16 shows a comparison o f  ten- 

s i l e  s t rength  and e longat ion f o r  the as-received Rent2 41 ma te r ia l  and f o r  spe- 

cimens machined f r o m  the thermal f a t i g u e  model. The most s i g n i f i c a n t  r e s u l t  

presented here i s  the reduc t ion  i n  t e n s i l e  e longat ion  of the specimens from t h e  

exposed panel compared t o  t h a t  from the  as-received mater ia l .  Specimens from 

the thermal f a t i gue  panel f a i l e d  a t  s i x  percent s t r a i n  wh i l e  the as-received 
e 

mate r ia l  specimens f a i l e d  a t  approximately 22.5 percent s t ra in .  The y i e l d  
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s t r e n g t h  o f  the thermal fa t igue specimen was 25 percent greater  than f o r  the 

as-received mater ia l .  

F igu re  17 shows l i g h t  photomicrographs o f  mounted and pol ished samples o f  

Rene 41 i n  the as-received cond i t i on  and a f t e r  thermal f a t i g u e  tes t i ng .  The 

photomicrographs show an abundance o f  g ra in  boundary p r e c i p i t a t e s  i n  the  

thermal f a t i g u e  specimens compared t o  the specimen i n  the  as-received c o n d i t i o n  

which has clean boundaries. Based on a review o f  the l i t e r a t u r e  f o r  Renc! 41, 

these p r e c i p i t a t e s  are blocky carbides and the  JI' phase [ N i  3 (A1 , T i ) ]  ( r e f  . 
11). The presence o f  $I w i t h i n  the  mat r ix  i s  i nd i ca ted  by the darkened regions 

of the  m 3 t r i Y  hnrdpring the g r a i n  hnnndarips [ r e f ,  17): i n n 9  time expnziure t o  

temperatures i n  the  reg ion from 1400°F t o  21OOOF may r e s u l t  i n  forming 

cont inuous grain-boundary f i l m s  around the gra ins which produce a b r i t t l e  

g r a i  n-boundary network . 
has a d i r e c t  e f f e c t  on the mechanical p roper t i es  o f  Rene 41. 

Grai n boundary p rec i  p i  t a t  i on t o  the degree shown here 

The damage i n  the corrugated skins of the  heat s h i e l d  i n  the  v i c i n i t y  o f  

the  elongated fas tener  holes was caused by the  bear ing loads r e s u l t i n g  from 

shr inkage o f  the  panel width. 

o f  the  panels are thermal creep of the panels due t o  s t ress  a t  temperature and 

m i c r o s t r u c t u r a l  p r e c i p i t a t i o n  o f  the a1 loy .  Resul ts  from a cursory s t ress  

ana lys is  o f  the corrugated skins o f  the heat sh ie lds  i nd i ca ted  t h a t  s t ress  

l e v e l s  as high as 45 k s i  could e x i s t  i n  the  beaded sk in  a t  the  temperatures 

encountered dur ing  the  thermal cycles, which i s  s u f f i c i e n t  t o  produce some 

creep ( r e f .  12). The severe g ra in  boundary p r e c i p i t a t i o n  noted i n  d iscuss ion 

o f  f i g u r e  18 has a lso been associated w i t h  dimensional changes i n  Renc! 41 

( r e f .  12) .  

Two poss ib le  causes o f  the shrinkage i n  widths 

It i s  not poss ib le  t o  s ta te conc lus i ve l y  the  ex ten t  t o  which these 
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two mechanisms contributed t o  the shrinkage of the panels. 

point i s  t h a t  Ren6 41 is  subject t o  creep under certain conditions and i t  

undergoes metal lurgi cal changes t h a t  may a1 t e r  panel dimensions. Those facts 

must be utilized i n  design of the panel to preclude interference between the 

panel and fasteners . 

The significant 

CONCLUDING REMARKS 

After 20,040 thermal cycles the thermal fatigue panel was found to be 

i n t a c t .  While i t  had some damage, i t  retainted i t s  structural and mechanical 

integrity to  a large extent. During the thermal fatigue tes t s ,  the panel width 

decr 

area 

resu 

cons 

shi e 

ased by about 1.0 percent which caused cracks and excessive wear i n  the 

of elongated fastener holes. Shrinkage of the heat shield panels, which 

ted from thermal creep and/or metallurgical changes i n  the alloy must be 

dered i n  design of TPS panels. 

Tensile tests of specimens machined from the corrugated skins of the heat 

d showed an 80-percent loss i n  elongation and a 20-percent increase i n  

yield strength compared to Rene 41 i n  the aged condition. Microstructural 

examination o f  specimens f r o m  the heat shield showed severe carbide precipita- 

t i o n  on the grain boundaries which caused the loss o f  duct i l i ty .  
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